We report the development of corrugated slow-wave plasma guiding structures with application to quasiphase-matched direct laser acceleration of charged particles. These structures support guided propagation at intensities up to 2 ϫ 10 17 W/cm 2 , limited at present by our current laser energy and side leakage. Hydrogen, nitrogen, and argon plasma waveguides up to 1.5 cm in length with a corrugation period as short as 35 m are generated in extended cryogenic cluster jet flows, with corrugation depth approaching 100%. These structures remove the limitations of diffraction, phase matching, and material damage thresholds and promise to allow high-field acceleration of electrons over many centimeters using relatively small femtosecond lasers. We present simulations that show that a laser pulse power of 1.9 TW should allow an acceleration gradient larger than 80 MV/ cm. A modest power of only 30 GW would still allow acceleration gradients in excess of 10 MV/ cm.
INTRODUCTION
Laser wakefield acceleration [1] [2] [3] of electrons to relativistic velocities is often described as a tabletop experiment [4] , promising to make high-energy electrons available outside of large, multiuser accelerator facilities. Recent advances in wakefield acceleration have produced monoenergetic beams [5] [6] [7] and impressive electron energies exceeding 1 GeV [8] . These experiments, however, all use expensive multiterawatt laser systems that cannot reasonably be considered tabletop. Direct laser acceleration is an attractive alternative for producing relativistic electrons. Wakefield acceleration is a nonlinear process and is inefficient at subterawatt powers, but direct laser acceleration (a linear process) has no threshold intensity. Small, inexpensive few-millijoule chirped-pulse regenerative amplifiers that could never reach the intensity threshold for wakefield acceleration could still be used for direct laser acceleration.
We describe experimental [9] and theoretical [10] progress toward a practical scheme for direct electron acceleration at multi-MeV/cm gradients by subterawatt femtosecond pulsed lasers. Just as the segmented copper structure of the Stanford Linear Accelerator channels the megawatt power of microwave-frequency klystrons to accelerate electrons over several kilometers [11] , we have created a corrugated plasma structure to guide the gigawatt or terawatt power of optical frequency femtosecond pulses over centimeters. Our simulations show that if this structure is correctly tuned and injected with a radially polarized laser beam and a simultaneously copropagating electron bunch, true tabletop electron acceleration is possible: A laser pulse power of 1.9 TW should allow an acceleration gradient larger than 80 MV/ cm, and a modest power of only 30 GW would still allow acceleration gradients in excess of 10 MV/ cm.
CORRUGATED PLASMA WAVEGUIDE
Ultraintense laser-plasma interaction applications including x-ray lasers, coherent electromagnetic wave generation [12] [13] [14] [15] , and electron acceleration by laser-driven wakefields [1] [2] [3] all rely on the extended diffractionsuppressed propagation of extreme-intensity laser pulses in plasma optical guiding structures to achieve high efficiency. Plasma is unavoidable at laser intensities well in excess of the ionization threshold of any atom or molecule. The optical mode structure and dispersion properties of plasma waveguides have been discussed in detail [16] .
Beyond confinement of beam intensity, waveguide control of beams can be augmented by additional branches to the versus k dispersion diagram, where k = k͑͒ is the axial wavenumber of the guide and is the angular frequency. Adding an axial ͑z͒ modulation of period d through variations in geometry, materials, or both gives rise to a wider class of solutions u͑r Ќ , z , ͒exp͑ıkz͒, where u͑r Ќ , z + d , ͒ = u͑r Ќ , z , ͒ and k = k c ͑͒ +2m / d (from the Floquet-Bloch theorem), where u is an electromagnetic field component, r Ќ is the transverse position, m is an integer, and k c is the fundamental axial wavenumber [17] . The extra dispersion branches arise from the multiplicity of k values assigned to each for each transverse mode.
Two examples of modulated guiding structures illustrate low-intensity applications. In radio frequency accelerators (for example, SLAC [11] ), charged particles are accelerated by the E z field of a TM wave guided in an axially modulated copper waveguide. In an ordinary unmodu-lated metal waveguide, guided-wave phase velocity v p = / k is greater than c, so a charged particle would be accelerated and then decelerated as the wave oscillations pass the particle, giving zero net acceleration. However, a modulated structure can have an effective k, as discussed above, large enough to give v p Ͻ c so that the particle and wave speeds can be matched. Called a slow-wave structure, this type of guide finds wide application in both accelerators and microwave sources [17] .
Another view of this matched interaction-called quasi phase matching-is that the wave speeds up and slows down in successive half-periods of the modulation in such a way that the partial acceleration in the first half is not completely canceled by deceleration in the second half. For a number of applications, quasi phase matching is enabled not only by the modulations in linear dispersion but also by the accompanying laser intensity modulations. In low-intensity guided-wave optics, periodic modulation in the material's optical nonlinearity or refractive index makes possible the quasi-phase-matched generation of low-order harmonics of the fundamental pump wave [18] [19] [20] [21] . At higher intensity ͑ϳ10 14 -10 15 W/cm 2 ͒, modulated, gas-filled hollow core fibers have been used for the generation of extreme-ultraviolet high harmonics [22] .
We recently achieved the first ever high-intensity optical guiding in an extended corrugated plasma slow-wave structure. The application of these structures to coherent electromagnetic-wave generation was first discussed in [23] . Spontaneous but uncontrolled modulated channels were reported in [24] . We have produced exceptionally stable plasma waveguides with adjustable axial modulation periods as short as 35 m, where the period can be significantly smaller than the waveguide diameter. The axial modulations can also be extremely sharp and deep, with nearly 100% modulation in plasma density. We have measured guided propagation at intensities up to 2 ϫ 10 17 W/cm 2 , limited only by our current laser energy and waveguide leakage. Figure 1 shows the experimental setup. Initially, unmodulated waveguides were generated in cluster jets [25] using lowest-order ͑J 0 ͒ Bessel beam pulses produced by an axicon-focused beam from a 10 Hz, 1064 nm, 100 ps Nd:YAG laser with a pulse energy of 200-500 mJ.
The cluster source in these experiments was a cryogenically cooled supersonic gas jet with a 1.5 cm long by 1 mm wide nozzle exit orifice [9] . The 25 mm line-focus length of the Bessel beam overlapped the 1.5 cm length of the cluster jet, resulting in 1.5 cm long plasma channels. Waveguides were injected at f / 10 through a hole in the axicon [ Fig. 1(a) ] with a 70 mJ, 70 fs, 800 nm Ti:sapphire laser pulse synchronized [26] and delayed with respect to the channel-generating Nd:YAG pulse. A small portion of this pulse ͑ϳ1 mJ͒ was split off into a delay line, directed transversely through the waveguide, and then imaged through a femtosecond folded-wavefront Michelson interferometer onto a CCD camera. Electron density profile images of the evolving corrugated waveguide were obtained by phase extraction of the time-resolved interferograms, followed by Abel inversion.
To impose axial modulations on the plasma channel, a transmissive ring grating (RG) and associated imaging optics were centered in the path of the Nd:YAG laser pulse. The RGs used in these experiments were lithographically etched fused-silica disks with variable groove period, groove structure, and duty cycle. The ring grating shown in Fig. 2(b) , used to generate the waveguide shown in Fig. 1(c) , is a set of concentric rings regularly spaced with a radial period of 10 m, a groove depth of 1 m, and a duty cycle of ϳ70%. The axicon projects the diffraction pattern produced by the RG onto the optical axis, leading to axial intensity modulations of the Bessel beam. The dominant axial modulation of the central spot intensity imposes axial modulations in the heating and plasma generation in the cluster jet. For the present work, we imposed a periodic modulation, but arbitrary RG patterns are possible. Phase-matching direct laser acceleration of ions or nonrelativistic electrons, for example, would require a graded modulation period. Alternatively, the plasma channel can be corrugated by obstructing the flow of clusters from the gas jet. Figure  1(d) shows the effect of placing a single 25 m diameter tungsten wire directly between the jet nozzle and the focus of the Bessel beam. The resulting corrugation is extremely sharp owing to the big reduction of clusters in the shadow region. Guiding an intense femtosecond pulse in this channel reveals no measurable scattering or ionization in this gap.
These two methods of corrugation offer complementary strengths. RG-generated corrugations are computer designed, easy to align, and extremely precise and regular, but cannot be tuned much without switching ring gratings. Wire-generated corrugations, on the other hand, can be easily adjustable in the laboratory. RG-generated corrugations modulate heating, so they tend to produce channels with strong modulation in diameter [ Fig. 1(b) ], whereas wire-generated corrugations strongly modulate density without affecting waveguide diameter much at all [ Fig. 1(d) ]. Our simulations of laser acceleration in these channels have focused on density modulations for mathematical simplicity, but diameter modulation could have important effects on acceleration gradients.
The 100 ps heater pulse is essentially an impulse on the hydrodynamic time scale ͑ϳ0.1-0.5 ns͒ of the heated bulk plasma (formed from merged cluster explosions) that remains after the pulse [25] . This plasma then undergoes axially periodic radial hydrodynamic shock expansion, producing a corrugated plasma waveguide. Two examples of phase images of the magnified central waveguide region are shown in Fig . Corrugated guides can also be generated in backfill gases: Fig. 1(c) shows a shadowgram of a modulated channel produced in air with a period of 35 m. A typical guided exit mode from a modulated cluster plasma channel is shown in Fig. 1(e) . Note that the cluster-generated channels are highly stable and reproducible: The shot-toshot extracted density variation is less than 5%. Figure 3 shows results for a corrugated hydrogen plasma waveguide. Hydrogen plasma waveguides are attractive for laser-plasma acceleration [1] [2] [3] because they are easily fully ionized during their formation, making impossible further ionization by guided intense pulses, which can lead to distortion and ionization-induced refractive defocusing. The modulation period d Ϸ 300 m was chosen to ensure clearly observable periodic oscillations in laser intensity. Figure 3 (a) shows the electron density N e ͑r , z͒ of a 3 mm section near the entrance of a 1.5 cm hydrogen waveguide, 1 ns after generation. The density profiles are very similar in the injected (bottom) and uninjected (top) waveguides, showing that little change to the guide was produced by the guided pulse. With modulated hydrogen guides, energy throughput is ϳ10%, yielding an output intensity of 10 17 W/cm 2 . The low throughput is due to leakage and side scattering out of the guide due to the modulations. This leakage is directly seen in argon results. Figure 3 (b) shows higher magnification profiles of two modulation periods as a function of interferometer probe pulse delay (0.5, 1, and 2 ns) for channel creation pulse energies of (i) 200 and (ii) 300 mJ. It is seen that lower pulse energy [(i)] can produce periodic beads of plasma, separated by zones of neutral clusters/atoms, whereas higher energy [(ii)] results in a more continuous channel. The beads act as plasma lenslets, collecting the light emerging from a neutral gap and focusing the beam into the next gap. Figure 3 (b) (iii) shows the result of an intentional misalignment (at 500 mJ) of the Bessel beam axis and the RG optical axis: A continuous plasma fiber is generated with angular fluting.
Channels with higher ionization Z were generated in argon cluster jets. Figure 4(a) shows an extended region of channel at 1.5 ns delay with and without guided pulse injection (bottom and top panels, respectively) for a probe delay of ϳ10 ps after guided pulse passage. It is seen that the channel itself is little affected by the guided pulse, but in contrast to the hydrogen results, there is a significant electron density halo located at a radial distance ϳ100 m from the channel. Short interval sequences of probe images show that the halo propagates right to left at the speed of light with the guided pulse. The halo radial position remains constant over the full 1.5 cm length of the corrugated channel but decays in density, suggesting that it originates from additional cluster ionization from channel side leakage [16] rather than from uncoupled entrance light skimming the outside of the channel. The leakage light moves radially across a zone of lowdensity plasma and neutrals until it reaches the layer of argon clusters that was unperturbed during channel formation. With hydrogen, the clusters are smaller and more fragile, so it is unlikely they survive so close to the channel after its formation, and hence there is no observed halo in Fig. 3 .
Higher-resolution images of three periods of modulation near the argon channel center are shown in Fig. 4(b) , for cases of beaded (300 mJ pump, left column) and continuous (500 mJ pump, right column) modulations, without guided pulse injection [panels (1)] and with injection [panels (2)- (4)]. In the case of the beaded guide, Fig.  4 (b)(2i) shows strong additional ionization by the guided pulse in the neutral gaps as the beam is focused by each plasma lenslet and collected by the next. Remarkably in this case, the overall channel coupled-energy throughput is still 10%, showing that there is significant injection and capture of light by successive lenslets over the full 1.5 cm length of the channel. Throughput for the continuous modulation case is 20%, yielding 2 ϫ 10 17 W/cm 2 peak intensity at a beam waist, using the fact that the beam exits the channel at a guide bulge. By comparison, throughput for this injection delay in unmodulated waveguides is 60%. Panels (2) both show in more detail the ionization halo induced by side leakage of the guided pulse. Sideimaged Thomson-Rayleigh scattering of guided 800 nm light shows scattering strongly localized from cluster ionization at the neutral gaps in the beaded guide [ Fig.  4(b)(3i) ] and more smoothly modulated from leakage at the beam waists in the more continuous guide [ Fig.  4 (b)(3ii)]. Panels (4i) and (4ii), which show the scattering source ͑r , z͒ profiles, are Abel inversions of panels (3i) and (3ii). These images make clear that the dominant scatterers are likely clusters, either those surviving in the gaps between beads or those external to the continuously modulated guide.
Detailed images of wire-generated corrugations are shown in Fig. 5 . A 25 m diameter tungsten wire placed just above the gas jet nozzle produces a sharp density notch in the cluster target. The phase images shown in Fig. 5 show that this 50 m density notch is persistent in liquid-nitrogen-cooled nitrogen clusters [ Fig. 5(b) ] and room-temperature argon clusters [ Fig. 5(c) ] as the waveguide expands over more than 2 ns. Figure 5(a) is the Abel-inverted electron density of the 1 ns delay phase image from Fig. 5(b) . The electron density peaks at approximately 9 ϫ 10 18 cm −3 at the channel wall and falls to below the noise floor of our measurement in the middle of the 50 m corrugation. The 60 m waveguide diameter, however, is nearly unchanged, in contrast to RGgenerated corrugations. Guiding a 70 mJ, 70 fs, 800 nm laser pulse in these structures shows no further scattering from this gap, indicating the absence of clustered or unclustered gas rather than a simple ionization modulation.
Future experiments will explore extended wiremodulated guides and attempt to reduce leakage of the guided pulse. However, we note that even with the ϳ80% leakage shown here, the guided laser field at the channel exit is reduced by only ϳ50% from that at the entrance.
DIRECT LASER ACCELERATION OF ELECTRONS IN THE CORRUGATED-PLASMA WAVEGUIDE
A wide variety of structures have been used to allow the exchange of energy between radiation and relativistic electrons, from a multi-kilometer-long microwavefrequency copper waveguide [11] to a hydrogen-filled gas cell fed by a conically focused, radially polarized nanosecond CO 2 laser [27] to a simple reflective metal tape positioned at the focus of a picosecond laser [28] . Although the efficiency and expense of these schemes varies greatly, the electron acceleration gradients they can achieve are ultimately limited by the radiation intensity they can produce and control and typically are significantly less than 1 MV/ cm. Modern femtosecond lasers based on chirpedpulse amplification [29] can produce focused field strengths in excess of 10 GV/ cm. An accelerating structure that could control this field strength would allow enormous acceleration gradients, but no material can survive this intensity un-ionized. The corrugated-plasma waveguide, however, is already ionized and can control laser pulse propagation to allow efficient electron acceleration, as illustrated in Fig. 6 . Our simulations show that in this structure a laser pulse power of 1.9 TW yields an acceleration gradient of 84 MV/ cm, and only 30 GW still yields an acceleration gradient of 10.6 MV/ cm.
Using uncorrugated plasma waveguides [16] for direct electromagnetic acceleration has been suggested by Serafim et al. [30] , who proposed guiding a radially polarized laser pulse to accelerate a copropagating relativistic electron bunch. The laser's dominant radial component E r guides as a hollow mode with peak intensity at r = w ch / ͱ 2, where the mode radius w ch is given by w ch = ͑1/r e ⌬N e ͒ 1/2 , r e is the classical electron radius, and ⌬N e is the electron density difference between r = 0 and r = w ch . The accelerating field is the associated axial component E z , which peaks at r = 0 and passes through zero at r = w ch . Following [30] , the peak axial acceleration gradient from hollow beam guiding in a plasma channel is given by E͓GV/ cm͔ =98P 1/2 / w ch 2 , where W ch and (laser wavelength) are in µm, and P is the peak laser power in TW. For a 1.9 TW laser pulse with = 800 nm in a channel supporting w ch =15 m, E z is an impressive 0.49 GV/ cm. If there were no slippage between the laser phase velocity and the electron velocity (essentially c), this would compare very favorably to laser wakefield acceleration: Malka et al. [3] used a 30 TW laser to produce an acceleration gradient of 0.66 GV/ cm (200 MV over 3 mm). A regenerative amplifier with 1 mJ output can easily produce 20 GW of peak power, yielding a 49 MV/ cm gradient. Of course, a means must be found to slow the laser phase velocity to c or less to match the relativistic electron velocity. Neutral gas as proposed in [30] will not survive the laser intensities essential for high values of accelerating field E z ; even pulses well below the terawatt level will propagate in fully ionized waveguides. Without neutral gas, the laser phase velocity in an uncorrugated plasma waveguide is strictly superluminal: A relativistic electron would slip 2 out of phase with the accelerating pulse after propagating a dephasing length L d = ͑N 0 / N cr +2 2 / 2 w ch 2 ͒ −1 [31] , where N 0 is the on-axis plasma electron density of the channel and N cr is the critical plasma electron density for wavelength . The electron receives no net acceleration: It would accelerate for a distance L d / 2, then decelerate an equal amount over the next L d /2. Figure 6 (a) shows how the corrugated plasma waveguide can quasi phase match this interaction. Laser phase velocity is locally faster in high-plasma-density regions and slower in low plasma density. If L d and the corrugation period are matched, the symmetry between acceleration and deceleration in a dephasing cycle is broken, and a properly phased electron will gain net energy; this process can be viewed as the inverse of transition radiation [32] .
The use of a radially polarized laser pulse rather than simple linear polarization, as shown in Fig. 6(b) , is crucial for accelerating high-quality electron beams. At the center of a cylindrically symmetric radially polarized beam, the accelerating force is maximized and transverse forces vanish. A cylindrically symmetric electron beam fits nicely in this high-gradient region, and electrons that make small excursions from the center of the beam can feel a time-averaged restoring force back to the beam center [10] . An electron beam injected into the center of a linearly polarized waveguide mode, however, would experience transverse forces that dwarf the longitudinal acceleration and be quickly expelled from the waveguide.
We obtain physical insight into the quasi-phasematching process from finite-difference time-domain simulations of linear pulse propagation in the simplified plasma density shown in Fig. 7(a) . This simulation was performed using a freely available software package with subpixel smoothing for increased accuracy [33] ; assumes cylindrical symmetry; and includes plasma dispersion, finite pulse duration, and pulse leakage out of the channel. Finite computing resources force us to use an unrealistically long wavelength of 6.4 m, so the waveguide density was scaled to make the laser phase velocity comparable to experimental conditions. Figure 7(b) shows the relative longitudinal and Fig. 7 (c) the transverse electric field (scaled for visibility) felt by a relativistic ͑v z = c͒ electron copropagating with the laser pulse nearly on axis. The transverse force depends strongly on the electron's transverse position; a truly on-axis electron would experience no transverse force due to the cylindrical symmetry of a radially polarized beam. The channel's corrugation period is matched to L d , and the initial phase between the electron and the laser field is chosen so that the electron is accelerated in the low-density section of each corrugation. Phase velocity is lower in these regions, so dephasing is slower and the electron spends more than half of each L d in phase with the accelerating field.
This simple picture is complicated somewhat by the modulation in waveguide diameter, which causes additional modulations in the guided pulse phase and intensity, but the electron clearly gains more energy during acceleration than it loses during deceleration. Each oscillation in Fig. 7(b) represents one dephasing cycle, and the number at each half-cycle is proportional to the energy gained or lost by the electron in that region. The transverse electric field shown in Fig. 7(c) is similarly quasi phase matched, which contributes to a net radial focusing-defocusing force. The laser group velocity is subluminal; the electron starts behind the laser pulse and overtakes it. This pulse-length dephasing limits the interaction length. Leakage of the laser pulse out of the waveguide is minimal, and plasma dispersion does not interfere with acceleration. Starting from these encouraging results, we introduce an analytic model neglecting leakage and dispersion (which are less pronounced for a shorter wavelength) in order to study more realistic parameters. We start with the radial component of the laser vector potential:
where k 0 and 0 are the central wavenumber and frequency of the laser pulse, respectively, and Â r ͑r , z , t͒ is a slowly varying envelope. We assume the pulse is azimuthally symmetric and consider plasma channels with low electron densities such that the plasma frequency satisfies p 0 , where p 2 =4e 2 N e ͑r , z͒ / m e , −e is the electron charge, m e is the electron mass, and N e is the electron density. In this regime the envelope Â r evolves on a time scale much longer than the laser period. The slowly varying envelope equation then determines the evolution of the laser pulse:
where 0 = k 0 c, and we have assumed that the electron plasma responds as a linear nonrelativistic cold fluid. Because the laser-electron dephasing length L d depends on the electron's velocity [31] , acceleration of subrelativistic electrons requires a structure with a graded modulation period to ensure L d remains matched to the modulations over the entire interaction length. For mathematical simplicity we consider a fixed modulation period, suited to acceleration of electrons with ␥ 1 for which the relativistic electron velocity depends only weakly on ␥ and L d is nearly constant. We limit our analysis to a periodic elec- In Eq. (3), we view the laser pulse as a sum of simple spatial harmonics. Each spatial harmonic moves with its own constant phase velocity and amplitude. Matching the corrugation period to L d is equivalent to matching the phase velocity of a spatial harmonic to the electron velocity. The harmonics have a relative amplitude given by J n ͑͒ and the effective phase velocity v p,n for the nth spatial harmonic is v p,n / c =1−nk m / k 0 + p,0 2 /2 2 +4/͑k 0 w ch ͒ 2 , where an appropriate choice of n and k m yields a slowwave spatial harmonic ͑v p Ͻ c͒ necessary for electron acceleration.
To determine a scaling law for direct electron acceleration, we consider an electron with initial conditions ͑r , v r ͒ = ͑0,0͒ and ͑z , v z ͒ = ͑z 0 , v z,0 ͒, where v z,0 is assumed to be close enough to c such that the electron remains in the accelerating phase of the quasi-matched field over the process of acceleration. For our experimental conditions of ͑ p,0 / 0 ͒ 2 ͑k 0 / k m ͒ 1 [16] , 1, and J n ͑͒ϳ n /2 n n!. The amplitude of the spatial harmonics decreases quickly with harmonic number, so we focus on the n = 1 spatial harmonic and set v p,1 = v z,0 . Choosing z 0 to optimize acceleration and integrating the axial electric field over the pulse-length dephasing time z / ͑v g − v z,0 ͒ using v z,0 Ϸ c, we obtain for the energy gain
where p =2c / p,0 . The pulse-length dephasing time limits the interaction length. By comparison, the dephasinglimited energy gain for resonant laser-wakefield acceleration is [34] ͯ
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For a wavelength of = 800 nm, matched beam radius w ch =15 m, normalized amplitude a 0 = 0.25 corresponding to a laser power of 1.9 TW, pulse length z / c = 300 fs, on-axis plasma density N 0 =7ϫ 10 18 cm −3 , corrugation amplitude ␦ = 0.9, and modulation period of T m = 349 m (we use these parameters in our following calculations), we have ⌬E / mc 2 ͉ DA ϳ 1000. In [34] , a 7.16 TW, 100 fs pulse in a suitable plasma channel yields ⌬E / mc 2 ͉ WF ϳ 750, a slightly reduced acceleration with similar pulse energy. However, it is with smaller lasers that direct acceleration (a linear process) has its strongest advantage: Replacing 1.9 TW with 30 GW would still give ⌬E / mc 2 ͉ DA ϳ 125, whereas (extremely nonlinear) wakefield acceleration is inoperable with such small lasers.
Equation (4) shows how important an optimized waveguide is for high-acceleration gradients. Acceleration is proportional to ␦, so waveguides with sharp density structure, such as those shown in Fig. 5 , may be ideal. Waveguide diameter is even more important; for fixed laser power, a smaller waveguide diameter w ch will yield both a larger a 0 and a larger ratio of E z,peak to E r,peak . Luckily, optically generated cluster-target waveguides can be precisely controlled, as shown in Figs. 3-5 .
To study electron beam dynamics, we integrate the relativistic electron equations of motion in the laser electromagnetic field determined by Eqs. (1) and (3) . We neglect space-charge effects, which become important when the axial electric field due to the bunched beam current becomes comparable to the quasi-phase-matched accelerating field. We estimate this gives an upper limit on the beam current of I max ͓A͔ Ͻ 1.7ϫ 10 4 a 0 J 1 ͑͒w ch / , which for our parameters is 3 ϫ 10 4 A or 40 pC per microbunch. Figures 8(a) and 8(b) show maximum particle energy gain versus time, for a pulse of duration z / c = 300 fs. The pulse-length dephasing time for this simulation is 130 ps. In Fig. 8(a) , the effective phase velocity of the n = 1 spatial harmonic is matched to three different initial electron velocities by tuning the modulation period, which could be accomplished experimentally by inserting imaging optics in the channel formation beam shown in Fig. 1 . In Fig.  8(b) , the phase velocity of the n = 1 spatial harmonic was set to c for all three initial electron energies. The lines labeled scaling give the maximum energy gain based on the amplitude of the n = 1 component of the axial electric field. Clearly it can be better to have electrons catch up to a slightly faster wave than for them to be initially resonant with, but eventually overtake, a slower one.
To examine transverse dynamics we distribute electrons uniformly in z from 1 to 11 m behind the pulse maximum and with a Gaussian distribution in r with width r . The pulse length is 300 fs. Figures 8(c) and 8(d) show the number-averaged final z momentum as a function of initial and final position, respectively, for an initial electron beam radius of 9 m. Efficiency is very injector dependent: To be accelerated, electrons must start in buckets one half of a slow wavelength long and less than one laser spot size wide; for our parameters, the spacecharge limit per bucket is Ͻ40 pC. Figure 8(e) shows the final electron beam density as a function of position; the beam has acquired a significant transverse spread that peaks off axis. Comparing Figs. 8(d) and 8(e), we see that these peaks are mostly composed of lower-energy electrons that have been expelled from the center of the buckets. These effects can be clearly seen in the linked multimedia file [35] , which shows the time evolution of a subset of the particles from Figs. 8(c) and 8(d) in a window moving to the right at ␥ = 100. The particle bunch is longer than one accelerating bucket; some electrons are decelerated and some are defocused. Electrons that do not accelerate slip into a defocusing region and are ejected from the waveguide. The highest-energy electrons simply plow ahead while absorbing energy, largely unaffected by transverse forces, and gain 151 MeV over 1.8 cm, a gradient of 84 MeV/ cm. A 40 pC bucket would absorb approximately 6 mJ of energy, ϳ1% of the driving pulse, while the number of loaded buckets depends on the injector. Since this acceleration process is linear and scales with the square root of laser power, a laser power of only 30 GW would yield a respectable gradient of 10.6 MeV/ cm.
The fact that low-energy electrons are expelled from the waveguide suggests an interesting method to obtain high-quality monoenergetic electron beams from lowquality injected electrons. Study of Figs. 8(d) and 8(e) reveals that spatially filtering electrons at a radius greater than ϳ20 m would greatly decrease the number of lowenergy electrons while leaving the high-energy electrons relatively unscathed. A carefully aligned pinhole following the waveguide thus might allow filtering of a low-quality injected beam. The injected beam will still heavily influence the quality of the accelerated electron beam, but the single-particle results shown in Fig. 8 allow simple estimation of how an injected beam will map to a final, accelerated beam for any given injector.
CONCLUSION
Two challenges remain: The generation of femtosecond, millijoule pulses of radially polarized light and the creation of a short, tightly focused electron bunch suitable for injection into our micrometer-scale structure. Efficient conversion of linearly polarized laser beams to radial polarization has been demonstrated for continuous-wave beams [36] , and we are working to extend these results to femtosecond pulses. A simple, inexpensive electron injection technique is crucial to the success of electron acceleration with subterawatt lasers. Nonperiodic corrugations can phase match the acceleration of nonrelativistic electrons, but the minimum corrugation length gives a minimum electron injection speed. An injector based on either radio-frequency acceleration [37] or millijoule-level illumination of solid targets [38] could potentially produce an initial high-quality electron bunch fast enough to be injected without too much added expense.
In conclusion, we have demonstrated guiding and dispersive control of intense laser pulses in miniature plasma slow-wave guiding structures, making particle acceleration based on quasi phase matching possible. Our corrugated channel generation scheme, which exploits the unique properties of clusters and cluster plasmas, makes possible control of the dominant axial spatial harmonics of the driving waves. Our simulations show that this structure can allow truly tabletop lasers to accelerate electrons to high energies in short distances.
